Introduction
Metal silicides are an important class of materials which have been used as heating elements, thermoelectric conversion and high temperature structure materials since early 20th century. In the 1980s, transition metal silicides have gradually gained importance and eventually become an integral part of microelectronic devices. 1, 2) As the integrated circuits (IC) industry moves into the nano era, scaling down the metal silicide contacts and gates have become an important issue. Many efforts with the bottom-up approach have been made to fabricate nanoscale silicides without elaborate microlithography. As opposed to zero-dimensional nanocrystals, metallic nanowires (NWs) can act both as interconnects for the transport of charge carriers as well as active device elements. The synthesis, growth and properties of silicide NWs are expected to be important in developing the future Si-based semiconductor devices as well as in a number of other applications. 3, 4) The silicide NWs possess the following desirable characteristics for device applications:
1. Diversity in growth techniques: there are a variety of techniques to grow silicide NWs.
2. Richness in physical properties: metal silicides exhibit a wide range of electrical, magnetic, field-emission, and optical properties. As a result, they may be applied in spintronics, thermoelectrics, nano-electronics, solar energy conversion, and biosensors.
3. Compatibility with Si device processing: processings for silicide NWs are often compatible with existing Si device processing technology. 4 . Ease in the fabrication of semiconductor=metal heterostructures: the heterostructures are useful for the applications as NW-based transistors and forming narrow gaps between metals.
The early focus on the study of epitaxial silicide NWs has been on the rare-earth=Si systems, based on the anisotropic lattice mismatch between silicides and Si substrates. 5) Subsequently, the NW growth in isotropic systems was found to proceed via the formation of a twinned structure to break the symmetry of the interface and lead to the asymmetric growth of epitaxial CoSi 2 and NiSi 2 NWs. 6) The use of nitride-mediated epitaxy method effectively dimin-ished the flux of metal atoms and allowed sufficient time for the strain to be released by means of shape transition during the epitaxial growth of a number of silicide NWs at elevated temperatures. 7, 8) On the other hand, a large number of freestanding silicide NWs have been grown by a variety of methods. In addition, silicide=Si=silicide NW heterostructures were fabricated.
Epitaxial growth of silicide NWs on Si substrate
As the fabrication of devices scaled down to the nanometer range, self-assembly has been demonstrated to be advantageous over traditional top-down fabrication methods. Selfassembled epitaxial silicide NWs are potentially useful as interconnectors for future devices, due to their small dimension, metal-like resistivity, single-crystallinity with low defect density, and self-assembly nature.
Nickel silicide is one of the most extensively studied systems due to the potential for IC applications. Among all Ni silicides, NiSi 2 can easily appear in epitaxial form on Si substrates since it possesses the same cubic structure and the lattice mismatch between NiSi 2 and Si is only 0.4%. 9) The epitaxial NiSi 2 was measured to possess extraordinarily low resistivity. 10) The Fe=Si silicide system is another popular system for investigation. There are two well-defined FeSi 2 phases: one is metallic α-FeSi 2 and the other is semiconducting β-FeSi 2 . Both NiSi 2 and α-FeSi 2 NWs were grown in Si via nitride mediated epitaxy. 7, 8) In addition, epitaxial Co 1−x Ni x Si 2 NWs were grown on Si(001) capped by thin oxide layer. 11) In-situ ultrahigh vacuum (UHV) transmission electron microscopy (TEM) has been applied to elucidate the interaction mechanisms of titanium disilicide NWs (TiSi 2 NWs) on Si(111) substrate. Merging of the two NWs in the same direction and collapse of one NW on a competing NW in different directions when they meet at the ends were observed. On the other hand, as one NW encounters the midsection of the other NW in different direction, it recedes in favor of the bulging of the other NW at the midsection. The crucial information has been fruitfully exploited to grow a high density of long and high aspect-ratio Ti silicide NWs on Si(110) in a single direction. 12) In this review, we will focus on the growth, properties and applications of free standing metal silicide NWs. To date, a total of 24 free standing binary silicide NWs in 10 transition metal-Si systems have been grown as listed in Table I. In addition, several ternary silicide systems have also been probed.
Growth
There are a large variety of approaches for growing silicide NWs by reactions of metal with Si NWs.
Growth methods 3.1.1 Si NWs in touch with a metal NW or nanodot
When a Si NW touches a metal NW, a point contact is formed and the chemical reaction between them starts from the point of contact. Examples are shown in Fig. 1 . The point contact reactions between Si NWs and Ni and Co NWs or nanodots were investigated by in situ high-resolution TEM (HRTEM). [13] [14] [15] [16] [17] The metallic NiSi and CoSi 2 may serve as the source-drain contacts to the Si in the heterostructure; it is the first step to produce a nanoscale field-effect transistor (FET).
The HRTEM videos show that the overall axial growth rate of the Ni and Co silicide layers is linear as shown in Fig. 2 . 13, 14) However, the linear curve can be decomposed into many stair-steps with the step height equal to an atomic layer thickness and the step width equal to the incubation time of nucleating a new step. Examples are shown in Fig. 3 . After a step is nucleated, it propagates very rapidly across the Si=silicide interface. The overall reaction rate is limited by the incubation time of nucleation. Therefore, it is a nucleation-limited reaction, neither diffusion-limited nor interfacial-reaction-limited. Repeating events of homogeneous nucleation in epitaxial growth of CoSi 2 and NiSi silicides in Si NWs by using in situ HRTEM was observed as shown in Fig. 4 . 13, 14) The growth of every single atomic layer requires nucleation. 17) Ordered nickel silicide on Si (nickel silicide=Si) NW arrays were fabricated by reacting nickel thin films on silicacoated ordered Si NW arrays at 550°C or higher temperatures. Examples are shown in Fig. 5 . The coating of a thin silica shell on Si NW arrays has the effects of limiting the diffusion of nickel during silicidation process to achieve the single crystalline NiSi 2 NWs. In the meantime, it relieves the distortion of the NWs caused by the strain associated with formation of NiSi 2 to maintain the straightness of the NW and the ordering of the arrays. Other nickel silicide phases such as Ni 2 Si and NiSi were obtained if the silicidation processes were conducted on the ordered Si NWs without thin silica shell. 18) Similarly, a number of nickel silicide NWs were grown on exposed Si NWs deposited with Ni films after annealing. 19) In addition, free-standing Gd silicide NWs prepared by reacting UHV deposited Gd films with well-aligned Si NWs were found to possess excellent field emission and magnetic properties. 20) 3.1.3 Reactions of Si vapors with metal films Deposition of nickel silicide NWs has been achieved in the temperature range of 320 to 420°C by decomposition of silane on nickel surfaces. The substrates consisted of Ni foils and thin Ni films evaporated on 1-mm-thick layers of SiO 2 predeposited on Si wafers. It was found that thinner diameter NWs were produced at low temperatures and that the density of the NWs was dependent on the reactor pressure. 21) Similarly, Ni 2 Si, NiSi, and Ni 3 Si 2 NWs were synthesized by pyrolysis of silane gas or sputtering Si onto Ni. [22] [23] [24] [25] [26] Well-aligned single crystal Ni 31 Si 12 NW arrays of more than 7 µm in length were epitaxially grown on Ni 31 Si 12 films preferentially formed on Ni foil substrates with a simple vapor phase deposition method in one step. Examples are shown in Figs. 6 and 7. Ni foils were placed in an alumina boat at 750°C and Si powders were positioned at the 1100°C zone upstream in the quartz tube as the source. 27) A complementary process was adopted to grow single crystal NiSi 2 NWs on Ni foils with the addition of NiCl 2 powders in front of the Ni substrate upstream. 28) 3.1.4 Reaction of metal source with Si substrate TaSi 2 NWs have been synthesized on Si substrate by annealing NiSi 2 films at 950°C in an ambient containing Ta vapor. The NWs could be grown up to 13 µm in length. 29) The TiSi 2 NWs were synthesized through a simple physical vapor deposition method in a conventional alumina tube furnace. A Si wafer was put in an alumina boat loaded with pure Ti metal powder, which served as the titanium source. The boat was transferred into the tube furnace, which was pumped down to about 150 Torr. The temperature inside the furnace was increased to 800°C under flowing Ar (100 sccm) and held for 3 h. 30) 3.1.5 Reaction of metal source from halides with Si substrate Metal halide precursors had the advantages of lower melting point and higher activity than pure metal powders. They facilitated the growth of metal silicide NWs by a simple vapor transport and condensation method. Typically, metal halide precursor is evaporated and transported to the higher temperature zone by an argon flow, 34) Single crystalline C54-TiSi 2 NWs were synthesized with titanium tetrafluoride (TiF 4 ) precursor as shown in Fig. 8 . 35) 3.1.6 Simultaneous metal and Si delivery Chemical vapor transport has been used to grow a number of silicide nanocrystals. In this process, the reaction of metal and halogen is used to transport the metal from a mixture by halide formation. The metal is redeposited at a higher temperature by the reversible reaction. CrSi 2 , Ni 2 Si, and FeSi have been produced with CrSi 2 , Ni 2 Si, and FeSi 2 , respec-tively, as source materials with I 2 as the transport agent. 24, 36, 37) In the special case of Ni 3 Si, the NWs were grown when TiSi 2 was used as a source material. The Ni was supplied form the Ni(NO 3 ) 2 solution dripped on Si. 38) CoSi and FeSi NWs were synthesized via chemical vapor deposition (CVD) of single-source precursor. 39, 40) FeSi and CoSi thin films have been deposited by the pyrolysis of cis-Fe(CO) 4 (SiCl 3 ) 2 and Co(CO) 4 SiCl 3 . In addition, MnSi 2−x NWs were produced with Mn(CO) 5 SiCl 3 as precursors. 41) Zhou et al. used two-source (TiCl 4 and SiH 4 ) CVD to grow C54-TiSi 2 NWs. 42) More recently, V 5 Si 3 NWs and nanotubes were grown on V foils by two-source CVD with VCl 3 and Si powder as source. 43) 3.1.7 Solution-phase synthesis Solution-phase environments provide versatile materials chemistry as well as significantly lower production cost compared to gas-phase synthesis. Single-crystalline Cu 3 Si NW arrays were synthesized in an organic solvent. Self-catalyzed, dense singlecrystalline Cu 3 Si NW arrays were synthesized by thermal decomposition of monophenylsilane in the presence of copper films or copper substrates at 420 to 475°C and 10.3 MPa in supercritical benzene. Examples are shown in Fig. 9 . The NWs were found to be useful as high-performance field emitters and efficient anti-reflective coating. 44) 
Ternary silicide NWs
A number of ternary silicide NWs were grown. Single crystal NWs of magnetic semiconducting Fe 1−x Co x Si alloys were synthesized using a two-component single source precursor approach. 45) A homogeneous solution formed upon mixing Fe(SiCl 3 ) 2 (CO) 4 and Co(SiCl 3 )(CO) 4 precursors was used as a single source precursor for CVD. Fe 1−x Co x Si alloy NWs were readily grown on Si substrates covered with a thin (1-2 nm) SiO 2 layer.
Cobalt germanosilicide NWs were synthesized by a spontaneous chemical vapor transport growth with CoCl 2 and Ge powders as the sources. 46) The Ge concentration can be selectively controlled from 0-15 and 0-50% for CoSi 1−x Ge x and Co 2 Si 1−x Ge x NWs, respectively, by varying the reaction temperature.
Single-crystalline Fe 1−x Mn x Si NWs were synthesized in a two-zone furnace through a CVD method. 47) In order to obtain different Mn=Fe atomic ratio for Fe 1−x Mn x Si NWs, different mixed ratios of MnCl 2 =FeCl 2 (0, 5, and 9 in weight) were used.
Silicide/Si/silicide nano-heterostructures
Silicide NWs can be formed by contact reaction between metals and Si NWs upon annealing. In a number of cases, metals are the dominant diffusing species in the reactions; metal atoms will diffuse into Si. Silicide will start nucleation and growth at where supersaturation is reached, transforming Si NWs to silicide NWs. If nucleation and growth occur at several places, Si NWs would become silicide=Si=silicide heterostructure NWs. The other approach is to fabricate metal pads using e-beam lithography and e-beam evaporation of over Si NWs. The resulting heterostructures were formed after appropriate annealing over a period of time.
From Si NWs, Wu et al. successfully fabricated NiSi NWs and NiSi=Si=NiSi heterostructure NWs with remarkable electrical transport properties. 17) By point contact reactions between metal and Si NWs, controlled growth of nanoheterostructure NiSi=Si=NiSi and CoSi 2 =Si=CoSi 2 was achieved. 13, 14) Examples are shown in Figs. 10 and 11. Formation of PtSi NW and PtSi=Si=PtSi nano-heterostructures as high performance p-channel enhancement mode transistors was reported. 48) In addition, MnSi=Si=MnSi NW heterostructures were fabricated to study the spin transport in Si nanostructure. 49) 
Fundamental issues in silicide NW formation
Homogeneous nucleation is rare except in theory. Repeating events of homogeneous nucleation in epitaxial growth of CoSi 2 and NiSi silicides in NWs of Si were observed by using HRTEM. 50) The growth of every single atomic layer requires nucleation. Heterogeneous nucleation is prevented because of non-microreversibility between the oxide=Si and oxide=silicide interfaces. The incubation time of homogeneous nucleation is determined to 3 and 6 s for NiSi and CoSi 2 , respectively. The calculated and the measured nucleation rates are in good agreement Zeldovich factor was used to estimate the number of molecules in the critical nucleus to be about 10. A very high supersaturation was found for the homogeneous nucleation. The first phase selection and the phase formation sequence between metal and Si couples are significant in microelectronics applications.
Size-dependent first phase formation sequence in onedimensional (1D) Ni-Si nanostructures was observed. 51) The phase which forms the last in thin film, NiSi 2 , appears as the dominant first phase at 300-800°C due to the elimination of continuous grain boundaries in 1D silicides. On the other hand, θ-Ni 2 Si, the most competitive diffusion-limited phase takes over NiSi 2 and wins out as the first phase in small diameter NWs at 800°C. Kinetic parameters extracted from in situ TEM studies and a modified kinetic growth competition model quantitatively explain this observation. An estimated critical diameter from the model agrees reasonably well with observations. The effects of oxide on the growth of nanostructures through PtSi formation were found to be critical. 52) Under an in situ UHV-TEM, it is observed from the conversion of Si NWs into the metallic PtSi grains epitaxially through controlled reactions between lithographically defined Pt pads and Si NWs. With oxide, instead of contact area, single crystal PtSi grains start forming either near the center between two adjacent pads or from the ends of Si NWs, resulting in the heterostructure formation of Si=PtSi=Si. Without oxide, transformation from Si into PtSi begins at the contact area between them, resulting in the heterostructure formation of PtSi=Si=PtSi. It has been observed that the existence of oxide significantly affects not only the growth position but also the growth behavior and the growth rate by 2 orders of magnitude. Molecular dynamics simulations have been performed to support the experimental results and the proposed growth mechanisms.
Single-crystal Mn 5 Si 3 contacts were grown within stressed Si NW templates, where oxide-shells were used to exert compressive stress on the silicide. 53) Compared to polycrystalline silicide structures observed within bare NWs, the built-in high strain in the oxide-shelled nanostructures alters the nucleation behavior of the ferromagnetic materials, leading to single crystal growth in the transverse=radial direction.
Properties and applications
A variety of properties of silicide NWs have been investigated. Possible applications have been explored.
Electrical properties 4.1.1 Electrical resistivity and failure current density
Metal silicide NWs are expected to be used as interconnects for the transport of charge carriers as well as active device elements. Electrical resistivities as well as the failure current densities are of critical importance in applications. The electrical transport properties of the NWs have usually been measured by two-and=or four-terminal current-voltage (I-V) measurements. In general, the deviation from the true value with the presence of barrier resistance between metal and probe can be eliminated with four terminal configurations. Examples are shown in Fig. 12 .
Wu et al. reported the formation of nanoscale contact and interconnection through selective transformation of Si NWs into NiSi NWs. Electrical measurements showed that the single crystalline NiSi NWs have ideal resistivities of about 10 µΩ cm and remarkably high failure current densities, >10 8 A=cm 2 . The fabrication of NiSi=Si NW heterostructures with atomically sharp metal-semiconductor interfaces was demonstrated. FETs based on those heterostructures in which the source-drain contacts are defined by the metallic NiSi NW regions were produced. 17) For the binary silicide NWs, electrical resistivities have been measured for Ti 5 
Field effect transistors Schottky barrier FETs (SBFETs) based on individual catalytically-grown and
undoped Si-NWs have been fabricated and characterized with respect to their gate lengths. The gate length was shortened by the axial, self-aligned formation of nickelsilicide source and drain segments along the NW. The transistors with 10-30 nm NW diameters displayed p-type behavior, sustained current densities of up to 0.5 MA=cm 2 , and exhibited on=off current ratios of up to 10 7 . The oncurrents were limited and kept constant by the Schottky contacts for gate lengths below 1 µm, and decreased exponentially for gate lengths exceeding 1 µm. 59) Transistor with short channel length (17 nm) was fabricated on a Si NW by a controlled reaction with Ni leads on an in situ TEM heating stage at a moderate temperature of 400°C. NiSi 2 was found to be the leading phase, and the silicide-Si interface is an atomically sharp interface. At such channel lengths, high maximum on-currents of 890 µA=µm and a maximum transconductance of 430 µS=µm were obtained, which pushes forward the performance of bottomup Si NW SBFETs. Through accurate control over the silicidation reaction, a systematic study of channel length dependent carrier transport was provided in a large number of SBFETs with channel lengths in the range of 17 nm to 3.6 µm. The device results are corroborated with transport simulations and reveal a characteristic type of short channel effects in SB-FETs, both in on-and off-state, which is different from that in conventional MOSFETs, and that limits transport parameter extraction from SBFETs using conventional field-effect transconductance measurements. 60) Transistors with single crystal PtSi=Si=PtSi NW heterostructures were fabricated. The NW heteorstructure has an atomically sharp PtSi=Si interface with epitaxial relationships. The nanoscale FETs were fabricated from intrinsic Si NWs, in which the source and drain contacts are defined by the metallic PtSi NW regions, and the gate length is defined by the Si NW region. Electrical measurements show nearly perfect p-channel enhancement mode transistor behavior with a normalized transconductance of 0.3 mS=µm, field-effect hole mobility of 168 cm 2 =(V·s), and on=off ratio >10 7 , demonstrating the best performing device from intrinsic Si NWs. 48) An example is shown in Fig. 13 .
The concept and a demonstration of a universal transistor that can be reversely configured as p-or n-FET simply by the application of an electric signal were described. This concept is enabled by employing an axial NW heterostructure (metal= intrinsic-Si=metal) with independent gating of the Schottky junctions. In contrast to conventional FETs, charge carrier polarity and concentration are determined by selective and sensitive control of charge carrier injections at each Schottky junction, explicitly avoiding the use of dopants as shown by measurements and calculations. Besides the additional functionality, the fabricated nanoscale devices exhibit enhanced electrical characteristics, e.g., record on=off ratio of up to 1 × 10 9 for Schottky transistors. This novel nanotransistor technology makes way for a simple and compact hardware platform that can be flexibly reconfigured during operation to perform different logic computations yielding unprecedented circuit design flexibility. 61) 4.1.3 Multifunctional nanocircuits Novel multifunctional nanocircuits were built from NW transistors that uniquely feature equal electron and hole conduction. Thereby, the mandatory requirement to yield energy efficient circuits with a single type of transistor is shown. Contrary to any transistor reported up to date, regardless of the technology and semiconductor materials employed, the dually active Si NW channels shown here exhibit an ideal symmetry of I-V device characteristics for electron (n-type) and hole (p-type) conduction as evaluated in terms of comparable currents, turn-on threshold voltages, and switching slopes. The key enabler to symmetry is the selective tunability of the tunneling transmission of charge carriers as rendered by the combination of the nanometerscale dimensions of the junctions and the application of radially compressive strain. The dually active transistors were integrated into cascadable and multifunctional 1D circuit strings to prove the advantage of the concept. The nanocircuits confirm energy efficient switching and can further be electrically configured to provide four different types of operation modes compared to a single one when employing conventional electronics with the same amount of transistors. 62) Multiple-gate devices fabricated from undoped Si NWs were shown to possess excellent electronic transport properties. The roles of the source=drain contacts and of the Si channel could be independently evaluated and tuned. Wrap gates surrounding the silicide-Si contact interfaces were proved to be effective in inducing a full suppression of the contact Schottky barriers, thereby enabling carrier injection down to liquid helium temperature. By independently tuning the effective Schottky barrier heights, a variety of reconfigurable device functionalities could be obtained. In particular, the same NW device could be configured to work as a Schottky barrier transistor, a Schottky diode, or a p-n diode with tunable polarities. This versatility was eventually exploited to realize a NAND logic gate with gain well above one. 63) 
Electron field emission
For electron field emission (FE), NWs are ideal objects because of their special 1D geometry. Transition metal silicide NWs have low resistivities and work functions, high melting points, high aspect ratios, and well known compatibility with Si-based microelectronics. As a result, they have been considered good candidates for future FE devices.
For FE measurements, the current density (J) was measured as a function of the applied field (E) with about 200 µm separation between the anode and emitting surface. From a J-E plot, the turn-on field is defined as the applied field attained to a current density of 1 µA cm −2 .
In accordance with the Folwer-Nordheim (FN) relationship, FE current from a metal or semiconductor is attributed to the tunneling of electrons from the material into vacuum through a potential barrier under the influence of an applied field. By a simplified equation to express the FN relationship:
where J is the current density, E is the applied electric field, and Φ is the work function. A and B are constants, corresponding to 1.56 × 10 −10 A eV V −2 and 6.83 × 10 3 eV −3=2 µm −1 = 6.83 × 10 9 V eV −3=2 m −1 , respectively. From the FN [ln(J=E 2 )-1=E plot], the field enhancement factor β can be obtained. Figure 14 shows the J as a function of the E in a current J-E plot and a ln(J=E 2 )-1=E plot of the well-aligned Ni 31 Si 12 NWs with a 200 µm separation between the anode and emitting surface. 26) The turn-on field was found to be about 1.0 V µm −1 . The field enhancement factor β was calculated to be about 3190 for Ni 31 Si 12 NWs from the slope of the ln(J=E 2 )-1=E plot with a work function value of about 4.80 eV for Ni 31 Si 12 NWs. The high FE performance is ascribed to the aligned geometry, especially the long Ni 31 Si 12 NWs. In addition, epitaxy between Ni silicide NWs, Ni silicide films and the metal substrates (Ni foil) also assists the electron transport on the side of emitting surface to enhance the FE performance.
A method was developed to grow silica-coated ordered Si NWs (on Si, produced by a combination of nanospheres lithography and gold catalytic etching. The samples were coated with thin silica shell by the base-catalyzed hydrolysis of tetraethyl orthosilicate. Excellent FE properties were found for NiSi 2 =Si NW arrays with a turn on field of 0.82 V µm −1 and the threshold field of 1.39 V µm −1 . The field enhancement factor was calculated to be about 2440. 18) The excellent FE characteristics are attributed to the well-spaced and highly ordered arrangement of the single crystalline NiSi 2 =Si heterostructure field emitters. In contrast to other growth methods, the present growth of ordered nickel silicide=Si NWs on Si is compatible with Si nanoelectronics devices processes, which also provides a facile route to grow other well aligned metal silicide NW arrays. The advantages shall facilitate its applications as FE devices.
The electron FE properties have been measured for Ti 5 Si 3 , Ti 5 Si 4 , TiSi 2 , TaSi 2 , CoSi, Ni 31 Si 12 , Ni 2 Si, NiSi, NiSi 2 , and Cu 3 Si. 18, [27] [28] [29] [30] 33, 35, 44, 46, 53, 57, 64, 65) 
Magnetic properties 4.3.1 Ferromagnetic properties and magnetoresistance
Unusual ferromagnetic properties in single-crystalline CoSi NW ensemble, in marked contrast to the diamagnetic CoSi in bulk, were observed. The zero-field-cooled and field-cooled (ZFC-FC) measurements from the NW ensemble show freezing of the disordered surface spins at low temperatures. The magnetoresistance (MR) measurements of single NW devices show a negative MR whose magnitude gets larger at lower temperatures. 31) MR studies show that the single crystal MnSi NW exhibits metallic behavior with paramagnetic to ferromagnetic transition temperature of 29.7 K and a negative MR up to 1.8% at low temperature. Carrier tunneling via the Schottky barrier and spin polarized carrier transport in the Si single crystalline MnSi=p-Si=MnSi NW heterostructures were observed. 49) Heusler alloy Fe 3 Si NWs were fabricated by a diffusiondriven crystal structure transformation method from paramagnetic FeSi NWs. Magnetic measurements of the Fe 3 Si NW ensemble show high-temperature ferromagnetic properties with T c ≫ 370 K. This methodology is also successfully applied to Co 2 Si NWs in order to obtain metal-rich NWs (Co) as another evidence of the structural transformation process. 66) The butterfly shaped MR single crystalline Co 2 Si NW devices shows interesting ferromagnetic features at low temperatures. Negative MR, hysteretic switch fields, and stepwise drops in MR were observed. The nonsmooth stepwise MR response is attributed to magnetic domain wall pinning and depinning motion in the Co 2 Si NWs probably at crystal or morphology defects. The temperature dependence of the domain wall depinning field is observed and described by a model based on thermally assisted domain wall depinning over a single energy barrier. 67) 4.3.2 Spin polarization A general method for determining the spin polarization from NW materials using Andreev reflection spectroscopy implemented with a Nb superconducting contact and common electron-beam lithography device fabrication techniques was reported. This method was applied to magnetic semiconducting Fe 1−x Co x Si alloy NWs with x = 0.23, and the average spin polarization extracted from 6 NW devices is 28 ± 7% with a highest observed value of 35%. Local-electrode atom probe tomography (APT) confirms the homogeneous distribution of Co atoms in the FeSi host lattice, and X-ray magnetic circular dichroism (XMCD) establishes that the elemental origin of magnetism in this strongly correlated electron system is due to Co atoms. 68) 
Ternary metal silicides
High-aspect-ratio Fe 1−x Mn x -Si NWs were found to possess strong room-temperature ferromagnetism and high MR variation. The strong spin interaction in Fe 1−x Mn x Si NWs, induced by the substitution of Fe sublattices by magnetic Mn ions, was revealed in the hysteresis loops. The magnetization versus magnetic field (M-H) curves of Fe 1−x Mn x Si NWs are much less sensitive to the temperature variation from 10 to 300 K than those of FeSi NWs. Remarkably, the excellent MR performance, −41.6% at 25 K with a magnetic field of 9 T, was demonstrated in an individual Fe 0.88 Mn 0.12 Si NW as shown in Fig. 15 . 47) The magnetic properties of Co 2 Si 1−x Ge x NWs were measured with the superconducting quantum interference device (SQUID) magnetometer. Large MR value of 11.7% at 10-25 K was achieved. Figures 16(a)-16(c) show plots of the M-H at temperatures of 10 and 300 K for the NWs with x = 0, 0.1, and 0.5. Ferromagnetism signature at RT was observed from the hysteresis loops with nonzero remnant magnetization and coercivity for the Co 2 Si 1−x Ge x NWs. The M-H curves of bulk Co 2 Si 1−x Ge x samples were obtained and the similar magnetic signature was also observed, as illustrated in Fig. 16(d) . The saturation of the magnetization close to H = 0 becomes more abrupt with increasing Ge concentration. The temperature dependences of magnetization for Co 2 Si 1 Ge 0 NWs and Co 2 Si 0.5 Ge 0.5 NWs have been measured during ZFC and FC under an applied field of 100 Oe, as shown in Figs. 14(e) and 14(f), respectively. The ZFC and FC curves of Co 2 Si 0.5 Ge 0.5 NWs show a steep decrease at the temperatures below 50 K. However, these features are not observed in the FC or ZFC curves of Co 2 Si 1 Ge 0 NWs. 46) 4.3.4 Hall effect A general methodology for measuring the Hall effect on nanostructures with 1D NW morphology was developed. A six contact electrode scheme with offset transverse contacts is utilized that allows monitoring of both the longitudinal resistivity and the Hall resistivity which is extracted from the raw voltage from the transverse electrodes using an antisymmetrization procedure. For MnSi NWs, the distinct anomalous Hall effect signature is identified for the first time in chiral magnetic MnSi NWs, a significant step toward identifying the topological Hall effect due to skyrmions in chiral magnetic NWs. 69) 4.3.5 Unusual magnetic orderings Bulk MnSi has unusual magnetic orderings, helimagnetism, and skyrmions at ambient pressure. High pressure studies have revealed partial magnetic ordering and non-Fermi liquid behavior. The lowtemperature MR characteristics of MnSi NWs reveal the first signature of helimagnetism in 1D nanomaterials. 70) Real-space observation of skyrmions and helical magnetic domains in a MnSi NW using Lorentz TEM (LTEM) was carried out. Helimagnetic domains, imaged as alternating bright and dark contrast stripes with an 18 nm period, were observed to be the spontaneous magnetic ground state at 6 K, while the hexagonal skyrmion lattice (SkX) with a domain diameter of 18 nm was observed under a normal magnetic field of 210 mT. Temperature-dependent measurements reveal that the SkX is stable over a larger range in this NW system (6-35 K) compared to the narrow temperature regime of skyrmion phase in bulk MnSi (26-30 K) and thin films of MnSi (5-23 K). 71) Furthermore, the skyrmion state in helimagnetic MnSi NWs with varied sizes from 400 to 250 was demonstrated to exist in a substantially extended T-H region. MR measurements under a moderate external magnetic field along the long axis of the NWs (H ∥ ) show transitions corresponding to the skyrmion state from T c ∼ 32 K down to at least 3 K. It was suggested that the shape-induced uniaxial anisotropy might be responsible for the stabilization of skyrmion state observed in NWs. 72) The magnetic properties of binary silicides have been investigated for CrSi 2 , MnSi, Mn 5 Si 3 , Fe 3 Si, FeSi, FeSi 2 , Ni 2 Si, Co 2 Si, and CoSi systems. 31, 46, 47, 49, 53, 55, 56, [66] [67] [68] [69] [70] [71] [72] [73] [74] 
Thermoelectric properties
In thermoelectrics, the figure of merits is ZT = S2σT= (κ L + κ e ), with S the Seebeck coefficient, σ the electrical conductivity, κ L the thermal conductivity due to the lattice, κ e the thermal conductivity due to electrons, and T the average measurement temperature. For nanoscale materials, it has the advantage of strong phonon scattering at the surface. With efficient electrical transport and relatively small lattice thermal conductivity, it is anticipated to achieve relatively large ZT.
The Seebeck coefficient, electrical conductivity, and thermal conductivity of individual CrSi 2 NWs were characterized using a suspended microdevice and correlated with the crystal structure and growth direction obtained by TEM on the same NWs. The obtained thermoelectric figure of merit of the NWs was comparable to the bulk values. 75) 4.5 Optical properties 4.5.1 Optical reflectance The solution-grown Cu 3 Si NW arrays appear black with optical reflectance less than 5% between 400 and 800 nm, serving as highly efficient antireflective layers. 44) Relatively low reaction temperatures enable the direct synthesis of Cu 3 Si NWs on a wide range of substrates, including flexible polyimide (PI) substrate. Furthermore, Cu 3 Si NWs can be grown at predetermined sites on many substrates by patterning the Cu film in specific regions prior to the growth. The self-supported, patternable Cu 3 Si NW arrays on polymer substrates represent a promising platform for foldable or flexible devices.
Photoluminescence
Free-standing β-FeSi 2 NWs with high aspect ratio were found to exhibit the room temperature photoluminescence (PL) property at a wavelength of 1.54 µm, which is attributed to the single-crystalline structure. Room temperature emission peak at 1.54 µm was also observed in the NIR PL spectra for individual β-FeSi 2 NWs. β-FeSi 2 is known as a semiconducting material with a band gap near 0.8 eV, which is suitable for the optical communication due to its band gap being near absorption minimum of fibers. Based on the RT PL and ferromagnetism as well as favorable electrical transport and magnetotransport properties, β-FeSi 2 is potentially applicable in Si-based optoelectronics and spintronics devices. 56) 
Concluding remarks
Since the report on selective transformation of Si NWs into metallic NiSi NWs, metal silicide NWs have attracted much attention. The development promises an integrated contact and interconnection solution that overcomes the size constraint of FETs. To date, a total of 24 different freestanding binary silicide NWs in 10 metal-Si systems have been investigated.
In this paper, we review the methods of growth, properties, and applications of metal silicide NWs. The investigations have led to significant advance in the understanding of 1D metal silicide systems. For example, CoSi is paramagnetic in bulk form, but ferromagnetic in NW geometry. In addition, the helimagnetic phase and skyrmion state in MnSi are stabilized by NW morphology. The influencing factors on the growth of silicide phase have been elucidated for Ni-Si, Pt-Si, and Mn-Si systems.
Promising results were obtained for spintronics, nonvolatile memories, field emitter, magnetoresistive sensor, thermoelectric generator, and solar cells. However, the main thrust has been in microelectronic devices and integrated circuits. Transistors of world-record small size have been fabricated. Reconfigurable Si NW transistors, dually active Si NW transistors and circuits with equal electron and hole transport have been demonstrated. Furthermore, multifunc- tional devices and logic gates with undoped Si NWs were reported. It is foreseen that practical applications will be realized in the near future.
